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The influence of pre-strain on the very-low-cycle loading behavior as occurring, for example during roller
leveling of sheet metals, is not yet fully understood. A key factor in this context is the stiffness of the material
and its changes upon processing. To study the general mechanical property changes during low-cycle
loading with small amplitudes for a wide variety of metals, sheet samples of mild steel DC01, pure copper
CU-DHP and a-titanium are subjected to low-cycle tension–compression tests. The general influences of
pre-strain and the applied strain amplitude are investigated regarding material hardening and changes in
the elastic properties. It is shown that all tested materials feature changes in the Bauschinger behavior
during cycling. The apparent elastic modulus of the materials decreases with increasing accumulated plastic
strain, and the evolution depends on the strain amplitude and the pre-strain. For all three materials,
changes in technical springback are present and depend on the loading history.
Keywords copper, elastic modulus, fatigue, plastic
pre-deformation, springback, steel, titanium
1. Introduction
Springback has a decisive role in forming of components as
it results in a distortion of the geometry of the finished product.
A precise knowledge and prediction of springback are essential
for industrial competitiveness, not only in terms of achievable
quality but also in terms of productivity (Ref 1, 2). A key factor
in this context is the stiffness of the material described by the
apparent modulus of elasticity during loading and the so-called
chord modulus during unloading (Ref 3). Both parameters are
not constant but depend on the material used, the temperature,
the sheet thickness and the pre-strain (Ref 2-5). Even very small
pre-strains are sufficient to observe a reduction of both moduli
(Ref 2). The reason for this phenomenon is not yet fully
understood. Lattice defects such as accumulated dislocations or
twins appear to play a key role in reducing both moduli. Other
explanations are based on the prevalence of residual stresses
(Ref 6) or time-dependent inelasticity (Ref 7). In order to
counteract shape deviations in the final product and to enable
near-net-shape production, the employed semi-finished sheets
are often subjected to skin passing and a subsequent roller
leveling. Both processes induce small amounts of deformation,
which were shown to influence the springback behavior during
subsequent forming operations (Ref 6). Skin passing induces
small deformation especially in the sheet surfaces which can
deteriorate the springback during subsequent bending (Ref 6).
An additional roller leveling was shown to reduce the residual
stress state by alternating plastic bending, which was linked to a
recovery of the deteriorated springback behavior caused by skin
passing (Ref 6, 8).
Previous investigations (Ref 9, 10) demonstrated a strong
influence on the mechanical properties caused by a low-cycle
alternating bending with small loading amplitudes, as is typical
for roller leveling. After multiple cycles, the yield strength
increased by up to 20% for the mild steel DC01 (Ref 9). The
effect was also observed for other materials with hexagonal
close-packed (titanium and magnesium) as well as face-
centered cubic (copper) crystal structures. In addition to the
changes in flow behavior, a change in material springback
within the first cycles was evident.
A clear explanation for the dependence of the springback
behavior on low-cycle loading with very small amplitudes is
not yet established since a variety of parameters such as the
microstructure, heat treatment, pre-strain, texture changes or
residual stress changes play a role (Ref 2, 6, 8-10). Hence, the
effect of alternating low-cycle uniaxial loading with very small
deformation near the elastic–plastic transition was investigated
in the present study. In addition, the influence of a pre-strain on
the different materials and their elastic properties was deter-
mined.
2. Methods
In order to develop a basic understanding of the lattice
structure on stress–strain response under very-low-cycle load-
ing, materials with body-centered cubic (bcc), face-centered
cubic (fcc) as well as hexagonal close-packed (hcp) crystal
lattices were employed in the present study. Moreover, the
materials should be of technical relevance and feature similar
yield strength to avoid that the latter overshadows the effects of
crystallography. To meet these requirements, a low carbon steel
designed for cold forming (DC01, bcc), pure copper (Cu-DHP,
fcc) and a-titanium (grade 1, hcp) were selected. The respective
chemical compositions determined by optical emission spec-
troscopy (OES) are summarized in Table 1.
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In order to investigate the influence of pre-strain on the low-
cycle mechanical behavior, strips measuring 200 mm9 20 mm
were prepared from 1 mm thick sheets. The strips were
subjected to a material-specific heat pre-treatment in an
electrical batch furnace. The heat treatment parameters
employed are depicted in Table 2. The pre-treatments were
carried out to ensure a similar initial condition and to reduce
residual stresses. The monotonic stress–strain curves after heat
pre-treatment are given in Fig. 1.
Following the heat treatment, the specimens were rolled at
room temperature with a Bühler duo roll 135 at a rolling speed
of 2 mm s1. Fourteen samples of each material were subjected
to a pre-strain of 5%. Fourteen additional samples per material
were employed in the subsequent analysis directly after heat
treatment without any pre-strain. These two substantially
different values of the pre-strain were selected to clearly bring
out the effect of pre-strain and at the same time avoid excessive
plastic deformation. The specimens for low-cycle tensile–
compression testing were milled from the strips using the
geometry shown in Fig. 2(c).
The cyclic tests were carried out on a Acumen 100 kN
(MTS) using a support structure as depicted in Fig. 2(b) to
prevent buckling during compression. Before inserting the
specimen, the contacting surfaces of both the support and the
specimen were coated with graphite to reduce friction during
testing. The narrow construction of the support further reduced
friction and allowed for a measurement via an extensometer (12
mm gauge length) needed for strain-controlled testing as
demonstrated in Fig. 2(a).
During the strain-controlled low-cycle testing, two different
amplitudes (0.23% and 0.52%) were applied for 15 loading
cycles each. The selected amplitudes were intended to cover the
elasto-plastic transition. During testing, the strain had a
triangular wave shape with a strain rate magnitude of 0.25%
s 1. Following the low-cycle test, the elastic springback
behavior was evaluated. The specimens were bent to atar-
get = 90 with a bending radius of 6 mm in a Z250/SN5A-type
materials testing machine (Zwick) with a crosshead speed of
1 mm s1. To determine the springback, the angle aexp of the
bent specimen was measured with an analog protractor. The
difference between aexp and atarget was calculated and then
divided by atarget. For statistical verification, every material
condition was tested with seven samples each. An overview of
the experiments performed is given in Fig. 3.
After each testing step, the residual stresses on the surface of
the material DC01 were determined by XRD measurements
using a Discover D8 diffractometer (Bruker) and employing the
sin2 w methodology with the Software Laptos S (Bruker). The
residual stress was measured for one specimen that was
followed along the different process steps. The measurements
were conducted at three different points along the rolling
direction. The measurements points were positioned in the
middle of the sheets upper surface and spaced in equidistant
intervals of 5 cm. The residual stresses were determined for the
initial state, after 5% pre-strain and after a subsequent cyclic
loading with a strain amplitude of 0.52% for a DC01 sample.
For titanium and copper, the data could not be evaluated
reliably due to insufficient signal-to-noise ratios, and thus are
not reported here.
3. Results and Discussion
3.1 Strain Response under Short Cycle Loading
3.1.1 Mild Steel: DC01. Typical stress–strain hysteresis
curves for the material DC01 without pre-strain at cyclic strain
amplitudes of De2 ¼ 0:23% and De2 ¼ 0:52% are shown in Fig. 4.
It is noted that despite the graphite used, some effect of support
structure is seen in the stress–strain hysteresis in the initial
loading cycle and upon stress reversal. These effects were
accounted for in subsequent data analysis.
Both specimens feature a pronounced Lüders strain during
the first tensile loading, which is followed by slight cyclic
softening in the subsequent cycles. Quasi-static tests on the
same material showed that the Lüders strain can reach values of
up to 3%. Due to the cyclic uniaxial loading, the elimination of
the Lüders strain occurs at lower accumulated plastic strain, i.e.,
after just one load cycle. This behavior is consistent with
reports in the literature in which it was shown that the effect of
Lüders strain could be reduced by one alternating bending cycle
in which only a small strain is introduced into the sheet surface
(Ref 11).
The amplitudes used in the present study are up to an order
of magnitude smaller than those used (Ref 11) and are based on
previous works (Ref 9) on cyclic alternating bending. With the
selected minimal amplitude of 0.23% strain, the point of
elastic–plastic transition is exceeded only slightly. Neverthe-
less, this was sufficient to permanently eliminate the effect of
Lüders strain under conditions of alternating cyclic stress states.
The development of both maximal tensile and compressive
stresses of all investigated materials during cyclic testing is
shown in Fig. 5. The error bars indicate the standard deviation
of all tests performed. For the mild steel (Fig. 5a and b), a
Table 1 Chemical compositions (wt.%) as determined by OES
Fe Ti Cu C Mn Al Cr Si S
DC01 Balance … … 0.055 0.200 0.055 0.030 0.021 0.014
a-Ti 0.033 Balance … 0.033 0.011 … … 0.011 …
Cu-DHP … … 99.960 … … … … … …
Table 2 Heat pre-treatment parameters used
Temperature, C Time, min Atmosphere Cooling
DC01 580 15 Ar Furnace
a-Ti 580 30 Ar Air
Cu-DHP 175 30 Ar Air
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maximum softening of up to 18% compared to the first cycle
after which the Lüders strain was eliminated can be observed
during subsequent cyclic. Within the first two cycles, the
softening is pronounced and then asymptotically saturates with
increasing accumulated strain.
For all strain amplitudes the overall trends are similar and a
noticeable impact of the previously induced pre-strain is
apparent. As expected, no Lüders strain can be observed for
a pre-strain of 5%, which results in a lower maximum stress
upon initial loading. As the specimens without pre-strain, the
previously rolled specimens show a softening that asymptot-
ically approaches a saturation. With 275 MPa, this is about 6%
higher than for the material without pre-strain and can be linked
to the work hardening introduced by the preceding skin
passing. A similar softening behavior and a reduction of the
chord modulus have also been observed in the literature (Ref 2,
4, 12).
Further there is a noticeable difference between tensile and
compressive stresses, which is shown as the evolution of the
Bauschinger parameter bf as a function of the number of cycles
(Fig. 6(a)). The parameter bf represents the ratio of the yield-
stress values between the tensile and subsequent compressive
load in a cycle and is calculated as bf ¼ rTrC2rT from the yield
stress under tension (rT) and under compression (rC) (Ref 13).
Without pre-strain, the mild steel features a low sensitivity
to load changes after the initial Lüders strain is eliminated. This
is characterized by values of the parameter bf close to 1. The
value stabilizes in the course of loading after about 5 cycles to a
value of 0.96. For the pre-strained material, a pronounced
change from 0.85 to 0.92 is observed after the first cycle.
However, upon further cyclic loading, the value remains almost
constant and is permanently below the value of the samples
without pre-strain.
Figure 1 Monotonic stress–strain curves after heat pre-treatment for mild steel (a), titanium (b) and copper (c)
Figure 2 Experimental setup (a), illustration of the support structure (b) and specimen geometry in accordance with DIN 50125 (c)
Figure 3 Overview of the testing sequence employed to determine springback
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The surface residual stress along the rolling direction for
different stages of testing is depicted in Fig. 6(b). The plotted
data represent the mean values of all three measurements along
the rolling direction including the calculated maximum error as
determined using the software Leptos S. Although the error is
rather large as is typical for residual stress measurements by x-
ray techniques in soft steels, the overall trends are clear from
the data.
After the heat treatment, no residual stresses could be
determined via XRD on the measured sheet surface. After the
sheet was subjected to a 5% skin pass process, tensile residual
stresses of 56 ± 15 MPa were determined. This behavior is
consistent with observations in (Ref 14) and is due to friction-
induced inhomogeneous forming near the sheet surfaces. After
15 uniaxial alternating loading cycles, all previously introduced
residual stresses were eliminated and only small residual
stresses remain from plastic deformation upon cyclic loading
itself (Fig. 6(b)). Micrographs of all materials examined in the
heat-treated state and after passing the maximum loading (5%
pre-strain and De2 ¼ 0:52%) are given in Fig. 7. For the mild
steel no changes within the microstructure that can be revealed
by optical microscopy are apparent, which is in accordance
with previous research (Ref 9).
3.1.2 Titanium. In comparison with the material DC01,
an asymmetric dependence of the strain hardening behavior on
the pre-strain and the stress state is evident (Fig. 5(c) and (d)).
Specifically, the magnitude of the stress upon compressive
loading remains almost constant, whereas the magnitude of the
stress upon tensile loading continuously decreases by up to
13% and approaches a saturation after about 10 cycles. The
magnitude of the compressive stress is also up to 200 MPa
higher than the corresponding tensile stress, which is also
reflected in a Bauschinger parameters bf> 1 (Fig. 6(a)). This
effect occurs independently of pre-strain. Work hardening due
to skin passing leads to a reduced loading sensitivity bf.
Different than the mild steel, the hexagonal close-packed
titanium demonstrated substantial microstructural changes,
which is typical for hcp materials under load. The titanium
exhibited increased formation of twins, which could be
observed on the entire cross section (Fig. 6). Titanium tends
to form twins in alternating bending tests, where compressive
stresses are present (Ref 10). This behavior can now be linked
with the recorded stress differences for the two stress states.
Inducing mechanical twins under compression stabilizes the
required stress for deformation and cyclic softening is only
present during tension. This results in drastic asymmetric
mechanical softening which is reflected by the wide range of
values for bf recorded during the course of testing (Fig. 6(a)).
3.1.3 Copper. With an initial Bauschinger parameter bf
of about 0.85 (Fig. 6a), copper behaves similarly to DC01 with
lower stresses under compression as a result of a previous
tensile loading (Fig. 5(e) and (f)). The effect of a pre-strain on
the low-cycle alternating load behavior is less pronounced
compared to the other materials. In all tests on copper, a
softening behavior was present, which was slightly enhanced
by pre-straining the samples. For samples without pre-strain
that were cycled at De2 ¼ 0:52%, a softening of about 10%
compared to the initial state occurred, which saturated for
compression at about 225 MPa and for tension at about 250
MPa. Accordingly, the corresponding Bauschinger parameter
asymptotically approached bf = 0.95. The observed Bauschin-
ger sensitivity showed no dependence on the applied pre-strain
and a very low sensitivity to cyclic alternating loads at small
strain amplitudes. Regarding the microstructure, no change in
grain morphology could be detected (Fig. 7(c)). These obser-
vations coincide with previous investigations on the effect of
low-cycle alternating bending loads (Ref 9). Of all the materials
investigated, copper showed the lowest sensitivity of the
measured properties to the applied pre-strain.
3.2 Springback Behavior
The springback after cyclic loading depends in particular on
the material-specific elastic modulus. Changes of the overall
material stiffness due to plastic deformation have already been
demonstrated in the literature and are topic of ongoing research
(Ref 2, 3, 12, 15). As the true elastic modulus is a variable
depending on atomic bond forces and distances, it changes with
applied stress, and thus even the elastic part of the stress–strain
curve shows nonlinear behavior. In the present study, the
apparent elastic modulus, which describes general stiffness,
was used to characterize the change of the elastic properties
during cyclic loading. The apparent elastic modulus of each
cycle was evaluated by linear regression of the slope of the true
stress/true strain curves after each change in loading direction
during cyclic testing (Ref 16). Changes of the apparent elastic
modulus for the three investigated materials mild steel (a, b),
Figure 4 Stress–strain hysteresis curves measured for mild steel samples without pre-strain for both strain amplitudes employed
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titanium (c, d) and copper (e, f) for the tensile and compression
stress states are summarized in Fig. 8.
In line with observations in (Ref 2), the apparent elastic
modulus of the mild steel decreases with increasing plastic
strain by up to 25% depending on the test conditions.
Moreover, the influence of pre-strain is quite pronounced. As
expected, the samples with pre-strain already show slightly
smaller modulus already for the first loading. The changes due
to cyclic loading are especially pronounced during the first
cycles, and a rapid saturation is seen in the further course of
testing. A similar saturation was observed in previous inves-
tigations on cyclic bending regarding the physical springback
behavior (Ref 9). Even in the saturated state, there is a
noticeable difference in the apparent elastic modulus linked for
the differing loading amplitudes. Thus, a loading path with a
larger amplitude leads to lower values of the apparent elastic
modulus at an equivalent accumulated plastic strain. This could
support existing theories (Ref 2) regarding the importance of
dislocation movement for the development of apparent elastic
properties especially during alternating loading due to easier
dislocation movement during load changes regarding the
processes causing the Bauschinger effect (Ref 17). Looking
at the values for titanium, a clear difference is also seen which
depends on the type of stress state (Fig. 8(c) and (d)). As
already shown for material hardening, titanium features a high
sensitivity of the mechanical properties on the stress state due
Figure 5 Maximum tensile and compressive stresses during cyclic testing as a function of pre-strain and strain amplitude for mild steel (a, b),
titanium (c, d) and copper (e, f)
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to favored formation of deformation twins under compression.
This behavior is also expressed in a pronounced decrease in the
apparent elastic modulus of up to 61 GPa depending on the
stress state (Fig. 8). Under compressive load, almost no
evolution is visible, whereas under tensile load substantial
reductions in apparent elastic modulus are present depending
on the pre-strain and the load amplitude. The less pre-strain is
applied and the greater the load amplitude, the more sensitive
titanium reacts regarding its apparent elastic properties.
The amplitude-dependent change of the apparent elastic
modulus shown in Fig. 8 is a so far hardly investigated
phenomenon. Both strain amplitudes used cause an equal
amount of material softening, while the apparent elastic
behavior is only affected at the larger strain amplitude of
De
2 ¼ 0:52%. This indicates for the change of the apparent
elastic behavior near the elastic–plastic transition, a combined
influence of work hardening, microstructural changes and
residual stresses. This is in line with the statement in (Ref 2)
that the observed phenomena require a complete material–
physical representation and that no simple dependencies can be
derived. Yet, one can conclude that:
1. If the material under consideration shows no or only
small changes in the yield stress upon cyclic loading, the
change of the apparent elastic properties is small as well.
2. The lowering of the apparent elastic modulus during
alternating loading is positively correlated with the strain
amplitude used and the pre-strain applied.
The technically determined relative springback behavior
normalized to the target angle of 90 is depicted in Fig. 9. For
the materials investigated, the largest effect on the technical
springback can be linked to the preceding skin passing and the
associated thickness reduction that correlates inversely to the
springback (Ref 18).
Figure 6 Evolution of the Bauschinger parameter for all investigated materials for different pre-strains at a testing amplitude of De/2 = 0.52%
(a) and the residual stresses along the rolling direction (RD) of the mild steel as determined by x-ray diffraction (b)
Figure 7 Micrographs after heat treatment (HT), 5% pre-strain and after cyclic testing with De2 ¼ 0:52% of mild steel (a), titanium (b) and
copper (c)
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Nevertheless, for the mild steel DC01, the elastic recovery
of around 3% under no pre-strain conditions is reduced to
virtually no apparent springback after skin passing indicating a
dominant influence of changed material strength. Differences
due to cyclic loading are observed especially in samples
without pre-strain. Compared to the small amplitude a reduced
springback is caused by the higher strain amplitude. Many
factors influence the technical springback including material
strength, sheet thickness, apparent elastic modulus and residual
stresses (Ref 1). Beside the geometric parameters (e.g.,
thickness and bending angle) the hardening behavior seems
to be the decisive factor of the transient material properties with
regard to the technical springback. This is revealed by the tests
with DC01 (Fig. 9(a)). Despite a reduction of the apparent
elastic modulus (Fig. 8a and b), the springback is reduced with
increasing accumulated deformation and the associated material
softening. This general correlation also exists for the other
materials. A decisive influence of the residual stress state was
not apparent, because in the specimens considered, the residual
stresses were reduced to very small values upon cyclic testing.
As demonstrated in previous works, no implicit dependence
on the crystal lattice could be detected (Ref 9). Nevertheless,
the material-specific tendency to change its microstructural
features influences the general hardening behavior and the
elastic properties as a second-order effect.
The present study demonstrates that despite the very small
amount of deformation a remarkable variation in the Bauschin-
ger parameters is present and changes in the apparent elastic
modulus occur that correlate with (1) the loading amplitude and
(2) the amount of pre-strain applied. Transferred to low-cycle
Figure 8 Pre-strain-dependent evolution of the apparent elastic modulus due to accumulated plastic strain during cyclic testing under tensile
and compressive load of mild steel (a, b), titanium (c, d) and copper (e, f)
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processes with very small degrees of deformation, such as roller
leveling, a change in apparent elastic stiffness can be expected
based on the presented findings. Since even very small degrees
of deformation can lead to a changed stiffness, attention must
be paid especially in the field of process modeling. Considering
the increasingly important cross process modeling of material
properties and parameters, the observed changes in stiffness can
lead to variations especially in downstream processing steps
and should be considered for further investigations. The data
obtained in the current study could be used to validate finite
element analysis of springback prediction, and work is
underway to better correlate springback with microstructural
evolution.
4. Conclusions
Alternating low-cycle uniaxial loading with strain ampli-
tudes near the elastic–plastic transition was applied to the three
materials DC01, a-titanium and CU-DHP. In particular, the
influences of pre-strain and the applied strain amplitude were
investigated regarding material hardening and changes in the
apparent elastic properties. The main findings can be summa-
rized as follows:
• A pre-strain has an effect on the Bauschinger effect and
its evolution during subsequent cyclic loading.
• The pronounced Lüders strain of the mild steel DC01 can
be eliminated by very small strain amplitudes that slightly
exceed the elasto-plastic transition within just one loading
cycle.
• Different than mild steel and copper, the hcp a-titanium
forms twins under compressive stress. These subsequently
stabilize the critical compressive stress necessary for fur-
ther forming. Simultaneous softening in the tensile regime
results in a large change of the Bauschinger effect during
cyclic testing.
• Fifteen alternating cycles at a strain amplitude of 0.52%
are sufficient to erase the residual stresses in the mild steel
introduced at the sheet surface by a preceding skin pass-
ing.
• The elastic moduli decreased with increasing accumulated
plastic strain for all materials investigated. This effect de-
pends on the pre-strain, the load path and occurring
microstructural changes.
• In addition to the geometric sample parameters, the mate-
rials hardening behavior is the decisive non-geometric
parameter that governs the technical springback after cyc-
lic loading.
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